Introduction
Amaranthine is an important class of water-soluble redviolet pigments belonging to the betalain pigments, which are characteristic of plants of the order Caryophyllales. They are often accumulated in red roots, stems and leaves of some plants (14, 21) . Many abiotic stresses (e.g. UVA radiation, extreme temperatures, hypoxia and drought) could lead to an increase in the content of the red-violet pigment amaranthine (4, 19) . Therefore, we assumed that amaranthine may play an important role in protecting the cell components under such conditions.
Light is one of the most important environmental factors, acting on plants not only as the sole source of energy, but also as the source of external information, affecting their growth and development (10) . However, too much light could result in accumulation of damaging reactive oxygen species (ROS) as byproducts of photosynthesis (11) . Plants respond to these day-to-day or long-term stress exposures by particular stressinduced responses and have evolved a number of mechanisms such as several enzymatic and non-enzymatic systems against ROS (16) . A lot of research has mainly focused on the functional roles of antioxidative enzymes, low molecularweight organic antioxidants, carotenoids and anthocyanins etc. over the past decades (5, 20, 23, 25, 26) . However, there is still limited information about the potential role of amaranthine, a homologue of anthocyanidins in higher plants (1, 24) .
In order to reveal the importance of amaranthine in photoprotection, we attempted to investigate the responses of two ecotypes (a red-leaf ecotype and another, green-leaf ecotype) of Alternanthera sessilis (L.) DC. to photooxidative stress induced by methyl viologen (MV). In the two ecotypes, the red-leaf ecotype is rich in amaranthine and the greenleaf-ecotype is not. It is well known that reduced MV in the chloroplasts of light-exposed plants will react directly with o 2 to produce superoxide anions and subsequently other toxic oxygen species, such as hydrogen peroxide and hydroxyl radical, which will rapidly destroy chloroplast membranes (2, 12) . In practice, MV is widely used for the production of superoxide anions and directly induces oxidative stress inside cells, particularly in the chloroplasts (20) . By using MV as a specific generator of ROS, more experimental evidence could be obtained to extend our understanding of the functional roles of amaranthine, and contributes to the elucidation of the mechanisms that protect the photosynthetic apparatus in plants. dormant axillary bud and 1-2 whorled leaves were maintained. The nodal explants were cultivated in a medium containing sand: humus (1:3), and then grown in a growth chamber with 30 °C/28 °C day/night temperature, 16 h photoperiod, light intensity of 100 μmol·m -2 ·s -1 , relative humidity of (65-70) %. The seedlings were watered with half-strength Hoagland solution per week after their roots had formed. The third mature leaf from 30-day-old plants was used for the present study.
Materials and Methods

Materials and pretreatment for determination
Photooxidation treatments were carried out according to the method of Shao et al. (20) with a slight modification. The whole leaves cut from the plants were soaked in a solution of 10 μmol·L -1 MV (1, 1'-dimethy-4.4'-bipyridinium dichloride; Sigma Chemical Co., St Louis, MO, USA) and vacuum infiltration for 10 min. The treatments were conducted in a growth chamber (RXZ-500; Ningbo Jiangnan Instrument Factory, Ningbo, China) at a temperature of 28 °C ± 2 °C and light intensity of 100 µmol·m -2 ·s -1 for 300 min to 360 min. In the present study, the PPFD of 100 µmol·m -2 ·s -1 (light intensity of growth) that we chose did not cause any photoinhibition in the MV-untreated leaves of A. sessilis based on our preexperimental studies.
Pigment analysis
Amaranthine content was determined according to the methods of Stintzing et al. (22) . Fresh leaves (0.05 g FW) from the two ecotypes were ground with a mortar and pestle. The amaranthine was extracted in 10 mL methanol for 30 min followed by centrifugation at 8 000×g for 10 min at 4 °C, and then the supernatant was discarded. The process was repeated twice. The precipitation was soaked in 5 mL distilled H 2 O for 30 min, and then centrifuged at 8 000×g for 10 min at 4 °C. The supernatant absorbance was quantified spectrophotometrically with a Vis-UV spectrophotometer (UV-2550, Shimadzu, Japan) and the amaranthine levels were calculated per gram [A 538 (50 mg) -1 FW]. Two leaf discs (each of 0.5 cm 2 ) from both ecotypes were used for pigment analysis. The contents of chlorophylls a and b were determined with a Vis-UV spectrophotometer (UV-2550, Shimadzu, Japan) in 100 % acetone extract and calculated according to Lichtenthaler and Wellburn (9) . The content of carotenoids separated by TLC (7) was determined spectrophotometrically.
Flavonoid and total phenolics were extracted from leaf discs (1.0 cm Estimation of total antioxidant capacity (DPPH*-scavenging capability) DPPH*-scavenging capability was measured according to the methods as described by Peng et al. (13) . In brief, 50 % ethanol extracts were prepared from the leaves of both the ecotypes of A. sessilis (0.1 g FW), followed by centrifugation at 10 000×g for 10 min. This resulting supernatant was diluted and reacted with purple-colored 1, 1-diphenyl-2-picrylhydrazyl (DPPH * ) solution. The decrease in the absorbance of the DPPH* solution was measured at 525 nm using a spectrophotometer (Lambda 25, Perkin-Elmer, Waltham, MA, USA). After photooxidation treatment for 0 min, 180 min, and 360 min, the samples were collected for analysis of DPPH*-scavenging capability.
Determination of cell death
Cell death was quantified by Evans blue staining (17) , in which living cells remain unstained, while dead cells are stained blue. After photooxidative treatment for 360 min, leaves were immersed in 0.25 % aqueous Evans blue solution for 5 h, and then chlorophyll was bleached by immersion in boiling ethanol (75 %, v/v). The blue precipitates in dead cells were solubilized with 25 mL of 1 % SDS-50 % methanol and examined at 600 nm using a UV spectrophotometer (Lambda650, PerkinElmer, CT, USA). The absorbance at 600 nm in the ethanol extract of untreated control leaves was defined as 1 and the cell death in MV-treated samples was defined as the ratios of absorbance in the treated leaf sample to the control value.
Chlorophyll fluorescence measurement
Chlorophyll fluorescence measurement was carried out with a pulse-modulated fluorometer (PAM 2100, Walz, Effeltrich, Germany). Chlorophyll fluorescence parameters of the whole leaves were measured every 30 min 4-5 times. F o (minimum fluorescence yield of a dark-adapted leaf) was measured with relatively weak measuring light pulses (< 1 μmol·m -2 ·s -1 ) at a low frequency (600 Hz). F m (maximal fluorescence yield of a dark-adapted leaf) was measured during an 800 ms exposure to a PPFD of approximately 2 700 μmol·m -2 ·s -1 . All fluorescence measurements were started after an additional 10 min dark adaptation. The intensity of continuous actinic illumination was adjusted to 100 μmol·m -2 ·s -1 PAR, and then the values of the chlorophyll fluorescence parameters -effective PSII quantum yield (Φ PSII ), coefficient of photochemical quenching (qP), and apparent electron transport rate (ETR), were determined.
Statistical analysis
All of the data were obtained from four to five measurements. Differences of all the parameters for both the ecotypes during the treatment were tested by the Student t-test. Data were checked for normality and homogeneity of variances. Statistical analyses were performed with SPSS 18.0 (SPSS, Chicago, IL). Values are mean ± standard error, and only the P-values of less than 0.05 could be accepted as a significant level.
Results and Discussion
Changes in the absorption spectra and the content of amaranthine in the leaves of two ecotypes of A. sessilis under photooxidation Amaranthine is located in the vacuoles of A. sessilis and is a biochrome belonging to Betacyanins of Betalain. Fig. 1a shows the leaf absorption spectra (400 nm to 750 nm) from the same leaf with or without photooxidative treatment (for 360 min) of both the ecotypes of A. sessilis. Compared with the GE-ecotype control, which exhibited no distinct peak of absorption at 538 nm, the leaf of the RE-ecotype control showed obvious absorption from about 450 nm to 620 nm with a marked peak at 538 nm. Correspondingly, the amaranthine level in the RE-ecotype control was nearly 35 times as high as that in the GE-ecotype control (Fig. 1b) . The RE-ecotype of A. sessilis, which is enriched in amaranthine, demonstrated obviously different responses in the MV-treated leaves during the photooxidative treatment as compared to the GE-ecotype.
The absorption spectrum of a leaf is often thought to contain some clues to the photosynthetic action spectrum of chlorophyll, and the absorption of photons is needed for photosynthesis (18) . Thus, we measured the absorption spectrum for the leaves of both the ecotypes with or without photooxidative treatment. Our results indicated that the leaf absorption spectra (400 nm to 750 nm) in both the ecotypes after photooxidative treatment for 360 min demonstrated an evident decrease as compared to their controls, respectively (Fig. 1a) . The relative amount of amaranthine in the leaves of the RE-ecotype showed a significant decrease (P < 0.05), whereas no significant change was observed in the GE-ecotype (Fig. 1b) . Despite this, the amaranthine level in the leaves of the RE-ecotype treatment variant was still 32 times as high as that of the GE-ecotype treatment variant.
Changes in the total phenolics, flavonoid and pigment content in the leaves of two ecotypes of A. sessilis under photooxidation
The levels of total phenolics and flavonoid in the leaves of both the ecotypes were similar (P > 0.05) before photooxidative treatment (Fig. 2a, b) . After photooxidative treatment for 360 min, the contents of total phenolics and flavonoid in the leaves of the RE-ecotype showed a significant decrease (P < 0.05); however, no significant change was observed in the GE-ecotype. The smaller changes in the two antioxidants in the GE-ecotype implied that total phenolics and flavonoid are two important antioxidants for the GE-ecotype. Meanwhile, the significant changes in the two antioxidants in the leaves of the RE-ecotype also implied that amaranthine might play an important functional role in the protection against photooxidation stress for the RE-ecotype.
Photooxidation also inhibits biosynthesis of chlorophyll and increases chlorophyll degradation (6, 15) . Fig. 3 shows the changes in the pigment content in the leaves of both the ecotypes under photooxidative treatment for 360 min. The total chlorophyll content in the leaves of both the ecotypes showed a significant decrease after treatment for 360 min (P < 0.05), while no significant decrease was found in the carotenoid content (P > 0.05). The total chlorophyll in the RE-ecotype and GE-ecotype decreased by 15.4 % and 20.1 %, respectively; while carotenoids in the RE-ecotype and GEecotype decreased by 13.6 % and 13.9 %, respectively. As compared to the RE-ecotype, the GE-ecotype showed a relatively larger amount of decrease in the total chlorophyll content, the decrease of total chlorophyll content being related to the decrease of chlorophyll a (data not shown). Here, the stronger degradation of chlorophyll in the leaves of the GEecotype evidently indicated a lower effectiveness of the protective action of components of the antioxidant system in the GE-ecotype under photooxidative stress.
Changes in the total antioxidant capacity and cell death in the leaves of two ecotypes of A. sessilis under photooxidation The activity of scavenging DPPH* free radicals is widely used for evaluation of the antioxidant capacity in plants. In the present study, before photooxidative treatment, the capacity of scavenging DPPH* free radicals in the leaves of the REecotype was significantly higher than that in the leaves of the GE-ecotype (Fig. 4) . After treatment for 180 min and 360 min, the capacity of scavenging DPPH* free radicals in the leaves of both the ecotypes showed a significant decrease (P < 0.05). After treatment for 180 min, the capacity of scavenging DPPH* free radicals in the leaves of the RE-ecotype and the GE-ecotype decreased by 8.6 % and 36.4 %, respectively. As the time of treatment was increased to 360 min, the capacity of scavenging DPPH* free radicals in the leaves of the REecotype and the GE-ecotype decreased by 40.7 % and 58.5 %, respectively. These results indicated that the GE-ecotype exhibited a greater decrease in the capacity of scavenging DPPH* free radicals than the RE-ecotype after treatment for 360 min. The results of cell death rates using Evans Blue dye as a marker are shown in Fig. 5 . Leaves were immersed in 0.25 % aqueous Evans blue solution for 5 h, and then chlorophyll was bleached by immersion in boiling ethanol (75 %, v/v); however, amaranthine is insoluble in ethanol and thus could still remain in the leaves. Therefore, the RE leaf enriched in amaranthine exhibited different colors from the GE leaves at time 0 min. After photooxidation treatment for 360 min, the leaves of the RE-ecotype and the GE-ecotype demonstrated about two-fold and about four-fold increase in absorption at 600 nm as compared to their untreated control, respectively (data not shown). This indicated that the photooxidative stress induced cell damage and death, and the GE-ecotype suffered more damage than the RE-ecotype. Changes in chlorophyll fluorescence parameters in the leaves of two ecotypes of A. sessilis under photooxidation F v /F m is a parameter widely used to indicate the maximum quantum efficiency of Photosystem II. Photoinhibition and photooxidation can be detected as a reduction in F v /F m . the mean F v /F m value for the leaf of both the ecotypes was about 0.76, a relatively lower mean value of F v /F m being primarily related to the short time of dark-adaptation. In the present study, the leaves of both the ecotypes of A. sessilis were dark-adapted for only 10 min before chlorophyll fluorescence measurement, and thus it is probable that the MV-untreated leaves would have had a mean F v /F m value of near 0.80 if they had been dark-adapted overnight.
A clear deceasing trend in F v /F m in the leaves of A. sessilis was observed during photooxidative treatment (Fig. 6a) . After photooxidative treatment for 330 min, the values of F v /F m in the leaves of the RE-ecotype and the GE-ecotype decreased by 56.1 % and 88.2 % as compared to their pre-treatment levels, respectively. Moreover, a more rapid decrease in the photochemical efficiency of PSII indicated that the GEecotype was more sensitive to photooxidative stress than the RE-ecotype. In addition, the same pattern was also observed in the ETR (Fig. 6b) , Φ PSII (Fig. 6c) and qP (Fig. 6d) . the responses of ETR, Φ PSII and qP (PSII functional parameters) further revealed that the GE-ecotype was more sensitive to photooxidative stress than the RE-ecotype.
Non-photochemical quenching (NPQ) indicates the potential of plants to dissipate excitation energy as heat, and an increase in Y (NO) indicates the damage because of excess light energy in PSII, i.e. Y (NO) is a lake model quenching parameter that represents all other components of NPQ that are not photoprotective (8) . Over 0 min to 330 min of photooxidative treatment, Y (NO) showed a marked increasing trend in the leaves of both the ecotypes. A more rapid increase in Y (NO) in the GE-ecotype was observed as compared to the RE-ecotype (Fig. 7a) , which indicated the GE-ecotype suffered more serious photooxidative damage. In the initial photooxidative treatment (0 min to 60 min), NPQ at first had a tendency to change in opposite directions, showing an early increase, but then showed a similar decrease (Fig. 7b) . NPQ increased to the highest point after 60 min of MV treatment, which indicated that A. sessilis had the greatest capability to regulate excessive energy dissipation at this time. This phenomenon was in accordance with the lower decreases in Fv/Fm, qP, ETR and Φ PSII during the first 0 min to 60 min treatment, indicating that the ability of heat dissipation of PSII was maintained and operated in this case. The former stage (0 min to 60 min) demonstrated the regulative response to moderate oxidative stress, while the later stage (60 min 330 min) demonstrated irreversible damage. Between the two ecotypes of A. sessilis, it was evident that the GE-ecotype was more sensitive to MV-induced photooxidation.
Final remarks
In the present study, two ecotypes of A. sessilis displayed different sensitivity to the effect of photooxidative stress. The results indicated that the GE-ecotype is more susceptive to photooxidative stress [stronger degradation of chlorophyll, increase in cell death, more rapid decrease in PSII functional parameters and Y (NO)] as compared to the RE-ecotype enriched in amaranthine. These differences could be considered to be related to the effectiveness of free radical scavenging (DPPH* radical scavenging capacity) in plants. In the REecotype, the higher DPPH* radical scavenging capacity may be related to the higher content of amaranthine in its leaves. Amaranthine may be used as a detoxification mechanism to ROS in the leaves of the RE-ecotype. It has been reported that during development of light stress, a compensatory relation was observed between amaranthine content and SOD activity and components of the antioxidant systems detoxifying the superoxide radical in the red-colored amaranth leaves (4). Besides, our previous works also showed that the accumulation of amaranthine in leaves of Amaranthus tricolor under high temperature stress may be the physiological basis of its heat tolerance (19) . Therefore, it is not ruled out that the significantly higher content of the antioxidant amaranthine in the leaves of the RE-ecotype of A. sessilis is intensification of the protective response of the plant's antioxidant system to the increased generation of the superoxide radical, which leads to the occurrence of new protective mechanisms, i.e. to the ability of amaranthine to inhibit the superoxide radical.
Conclusions
In general, the resistance of plants to stresses depends on their cellular protecting mechanisms and their ability to repair damage. In the present study, about 35 times higher amaranthine content in the leaves of the RE-ecotype than the GE-ecotype of A. sessilis provided us with a suitable means to explore the functional role of amaranthine in plants. Like the functional role of anthocyanin, amaranthine, along with other important antioxidants, can also effectively detoxify ROS to relieve oxidative stress, thereby playing an important role in photoprotection.
